another via gap junctional intercellular communication (GJIC) (1,11,12). Connexins and GJIC have been implicated in regula-A HeLa cell line, obtained from the ATCC, was cloned and tion of cell growth and differentiation (1,9). found to exhibit a spectrum of in vitro and in vivo growth
One of the problems in the interpretation of gene transfer characteristics as well as variable expression of endogenous studies such as those mentioned above, involving the stable connexin43 (Cx43), a widely expressed gap junction protein integration of an exogenous gene where expression is controlled implicated in growth control. The majority of clones by a constitutive promoter, is that because of the extensive expressed functional Cx43, which contrasted with previous selection required following transfection, i.e. selection for studies reporting that HeLa cells are completely negative antibiotic resistance as well as expression of the gene of for Cx43 mRNA/protein expression. This endogenous Cx43 interest, chosen cells may differ in many respects from those expression correlated with increased growth control: cells initially transfected. If the original population is heteroCx43-positive clones exhibited a decreased saturation density and a diminished growth capacity when in co-culture geneous, selection can result in a new population whose with growth-controlled normal cells in constrast to properties are skewed from the mean of the original population; Cx43-negative clones. Endogenous Cx43 expression was if the original population is genetically unstable, as is the case negatively correlated with neoplastic potential as evidenced with most tumor cells (13) , a genetic change early in the by attenuated anchorage-independent growth and selection process could result in a population which differs decreased tumorigenicity in immunodeficient mice. Treatmarkedly from that present originally, a phenomenon equivament of Cx43-negative cells with 5-aza-2Ј-deoxycytidine lent to the so-called founder effect in human populations (14) . resulted in expression of Cx43, suggesting gene silencing These problems of clonal heterogeneity can be overcome by via DNA methylation. These results support the concept of the use of inducible gene expression systems. Recently, Gossen growth control via junctionally transmitted signals and and Bujard described the development in HeLa cells of a suggest an epigenetic mechanism for tumor cells to circumtetracycline-responsive mammalian gene expression system, vent this control during carcinogenesis. Moreover, the based on the bacterial tetracycline receptor-HSV VP-16 transheterogeneous nature of this cell line and the ease of activator fusion protein (tTA) and tetracycline receptor operator connexin43 gene induction suggest caution in the interpretasequences (tetO), where exogenous gene expression can be tion of results involving gene transfection using nonrapidly regulated by the antibiotic tetracycline (15, 16) . inducible gene expression systems.
In order to engineer a tetracycline-inducible connexin43 (Cx43) cervical carcinoma cell line, HeLa cells only two passages after receipt from the ATCC (CCL-2, batch F-12958) were stably transfected with a plasmid containing a tetracycline-responsive trans-activator (tTA) gene and a The HeLa cell line, which was derived from a human cervical neomycin (G418) resistance gene (pUHD15-1) resulting in carcinoma in the 1950s, has been extensively used as a tool G418-resistant clones (16, 17) . A total of 44 colonies were for examining the cellular and molecular biology of human isolated and preliminarily analyzed for background endogenous neoplasia due to the relative ease of cell cultivation, resulting Cx43 expression by western immunoblotting. As shown in from high viability and rapid growth, as well as being amenable Figure 1 , while a few clones were negative for Cx43 expression, to molecular manipulations such as gene transfer. HeLa cells have been widely used in studies designed to determine the the majority of these clones (42/44, 95%) expressed Cx43, effects of increased expression of exogenous genes on cell with many demonstrating high levels (10/44, 23%). These behavior and these types of studies have extended to examinaclones appear stable with respect to Cx43 expression as cultures of these clones analyzed 40 passages later by western immunoblot exhibited no decrease in Cx43 expression levels
Abbreviations: 5-aza-CdR, 5-aza-2Ј-deoxycytidine; Cx43, connexin43; GJIC, gap junctional intercellular communication.
(data not shown). It should again be stressed that these (43/44) of these clones expressed endogenous Cx43, a figure comparable to the 95% positive expression seen in the G418-resistant clones (data not shown). These non-transfected addition to glucose 6-phosphate dehydrogenase alloenzyme type A (G6PD) (Innovative Chemistry Inc.) and HPV-18 clones were not utilized further, instead, all biological data were obtained using the G418-resistant clones.
sequences consistent with ATCC information and previously published results for the HeLa cell line (data not shown) Cx43-expressing HeLa clones were capable of assembling Cx43 protein into immunoreactive gap junction plaques, local- (21, 22) . Analysis of the logarithmic growth of eight HeLa clones ized to regions of contact between adjacent cells, as determined by indirect immunofluorescence (data not shown). These representing a range of endogenous Cx43 expression, from no Cx43 (clones 54 and 70), to low (clones 5, 64, 67 and 74) to immunoreactive gap junction plaques were capable of GJIC, as observed in homologous culture detected by the scrape high (clones 1 and 78), demonstrated no significant difference between the clones. Thus, under conditions of limited cellloading technique (19) as well as by the pre-loading calcein dye transfer technique, whereas Cx43-negative clones were cell contact, all clones grew at equivalent rates irrespective of Cx43 expression (data not shown). In contrast, when clones incapable of dye transfer (data not shown). While these clones were not examined for expression of any other connexin types, were seeded at a higher density and allowed to reach confluence, where cell-cell interactions are maximal, clones lack of dye transfer in Cx43-negative clones argues against significant expression levels of other connexins.
expressing Cx43 (clones 1, 36 and 87) exhibited significantly lower saturation densities than those clones lacking Cx43 Because previous reports had indicated that HeLa cells are negative for endogenous Cx43 (3,8), we confirmed the identity (clones 54 and 70) (Figure 2A ). The mean saturation density of Cx43-positive clones (1, 36 and 87) was 2.3ϫ10 6 cells/ of these HeLa clones. As expected, karyotypic analysis (20) revealed that all clones tested (clones 1, 36, 54, 70 and 87) 60 mm dish, while that for Cx43-negative clones (54 and 70) was 3.1ϫ10 6 cells/60 mm dish, an increase of 35%. This contained human chromosomes, were negative for the presence of the Y chromosome, exhibited the expected modal chromoincreased growth advantage of Cx43-negative clones may explain the discrepancy between these results and previously somal numbers and diagnostic HeLa marker chromosomes in presence of the mouse fibroblast monolayer when compared with cells plated in empty dishes. These results were not due published studies documenting the absence of Cx43 expression in HeLa cell lines as Cx43-negative cells can be expected to to unequal seeding of monolayers in comparison with empty dishes, as experiments utilizing HeLa clones radiolabeled with dominate cultures after continuous passaging (3, 8) .
To investigate the neoplastic potential of these clones, the thymidine demonstrated that all clones exhibited a higher seeding efficiency on mouse monolayers in comparison with ability of the cells to form colonies in soft agar was quantified. While the total number of viable colonies was similar between seeding in empty dishes. However, microinjection of Lucifer yellow dye into Cx43-positive and Cx43-negative clones clones, the sizes of the individual colonies were much smaller for Cx43-positive clones (1, 36 and 87) when compared with after seeding onto mouse fibroblast monolayers revealed no heterologous dye exchange (data not shown). This lack of dye colony sizes achieved by Cx43-negative clones (54 and 70) ( Figure 2B ). These data indicate that cell density is a major transfer between epithelial and fibroblastic cell types has previously been reported and may explain these results (24) . factor limiting anchorage-independent growth for Cx43-expressing HeLa clones.
To evaluate the effect of Cx43 expression and GJIC on tumor growth in vivo, immunodeficient nude mice were injected In addition, the ability of Cx43-positive HeLa clones to form foci was greatly diminished in the presence of a confluent with Cx43-positive clones (1 and 36) or Cx43-negative clones (54 and 70) followed by tumor measurement twice weekly mouse (C3H10T1/2) (Table IA) or human fibroblast monolayer (Table IB) Northern analysis revealed that Cx43-negative clones conformation by those clones lacking Cx43 was enhanced by the tained no detectable Cx43 mRNA (data not shown) and liver cells have been reported (30) . It is well established that hypermethylation can result in decreased expression of tumor karyotypic analysis revealed no gross deletions in the connexin43 gene locus on human chromosome 6 (data not shown), suppressor genes (p16, p15 and hMLH-1), contributing to increased tumorigenicity in various tumor cell types (31-33). implying some defect in the connexin43 gene itself or in its transcription. To evaluate methylation as a mechanism for Studies to determine the direct influence of gene methylation on Cx43 expression in these HeLa cell lines are currently connexin43 gene suppression, two clones negative for endogenous Cx43 expression were treated with the nucleoside analog being performed. If connexin and GJIC loss is secondarily involved in the 5-aza-2Ј-deoxycytidine (5-aza-CdR) and analyzed for expression of Cx43 by western blotting (Figure 4 ). Cx43-negative carcinogenic process, being permissive but not causative, primary tumors and transformed cell lines, such as HeLa, clone 54 expressed increasing amounts of Cx43 protein following treatment with increasing concentrations of 5-aza-CdR would be expected, at least initially, to demonstrate a spectrum of phenotypes with respect to loss of connexin expression or ( Figure 4A ). Similar results were obtained with a second Cx43-negative clone (clone 70) ( Figure 4B ). This expression GJIC function as shown here. Indeed, the presence of connexin expression and functional GJIC has been documented in many was stable in the absence of continued treatment for up to 12 passages (~3 months) (data not shown).
tumor lines (1,9). Importantly, both Cx43-negative and Cx43-positive clones are fully tumorigenic and capable of forming While these studies are supportive of the hypothesis of GJIC and growth control, they are only correlative and again stress tumors in nude mice, although to differing extents. These results imply a role for connexins and GJIC in modulating but the need for analysis using inducible gene expression systems. Furthermore, had we transfected a construct containing a not completely controlling expression of the transformed phenotype. We interpret these findings as evidence that Cx43 connexin43 gene under the control of a constitutive promoter, as has previously been done by others (3,4,6,7), we may have expression does not alter the transformed nature of these tumor cells, but strongly influences their behavior. These results arrived at confusing conclusions as to the role of GJIC in growth control due to pre-existing variations in endogenous imply that loss of GJIC plays a significant role in neoplastic progression; further support for this statement comes from Cx43 expression and/or growth control within this line (summary in Table II) . Moreover, even among our Cx43-positive reports of the enhanced susceptibility of connexin32 knockout mice to carcinogenesis of the liver (34) , an organ in which and Cx43-negative clones, considerable variation exists in the ability to become growth controlled by quiescent fibroblasts connexin32 is extensively expressed. Unfortunately, this question cannot be addressed in connexin43 knockout mice as (Table I) or to grow in immunodeficient mice (Figure 3) .
Treatment of two Cx43-negative clones with 5-aza-CdR neonates die shortly after birth due to heart defects (35) . resulted in the expression of endogenous Cx43 protein, suggesting that hypermethylation of the connexin43 promoter, or Acknowledgements a gene regulating this promoter, is responsible for suppression parameters. In addition, antisense technology is being employed to evaluate the importance of Cx43 expression on the behavior of these re-expressing cells. References These data indicate a possible general mechanism for loss to determine specific mutations in connexin genes within tumor
